An explorative study has been carried out within the scope of this paper in order to validate a morphodynamic numerical model with the assessment of model sensitivity to some factors and parameters. The flow model component is a vertical two-dimensional with non-hydrostatic, unsteady free surface flow condition. The flow model has been coupled with sediment transport models. Two different sediment transport approaches have been used, namely Ashida & Michiue's bedload transport formula and a stochastic pick up deposition formulation for non-equilibrium sediment transport proposed by Nakagawa & Tsujimoto. The model performance has been tasted for different turbulence closures, namely a zero-equation, a standard k-ε and a non-linear k-ε models, in the context of morphodynamic simulation. Model performance has been evaluated for the prediction of temporal variation of flow-depth and boundary shear stress induced by bedform evolution based on experimental measurements.
INTRODUCTION
Flow and bedform dynamics in alluvial channels is one of the challenging problems in river engineering practice, despite many invaluable efforts that have been made so far. Prediction of morphodynamic feature of bedforms (ripples and dunes) as well as resistance to flow induced by them is of practical significance.
A comprehensive review of past investigations on river dunes has recently been done by Jim Best 1) . He has pointed out towards the necessity for integrated and interdisciplinary studies in order to improve existing understanding on the kinematics of dune morphology and flow. Most past observations evinced strong correlation between turbulence structures induced by flow separation, bed resistance and sediment transport. Consequently, all these aspects are equally important for quantitative determination of bedform morphodynamics. Of most past investigations, significant attempts were made to analyze flow and turbulence structures over fixed bedforms 2) . Best et al. 3) carried out laboratory measurements to evaluate influence of sediment transport on turbulence production at low transport rate. Schmeeckle et al. 4) conducted laboratory visualization of turbulence and suspended sediment transport over two-dimensional dunes. Schindler and Robert 5) examined flow and turbulence characteristics across the ripple-dune transition in laboratory flume. These observations have corroborated the significance of fluid dynamics of bedforms. Variety of approaches was developed in order to analyze bedform-induced morphology in alluvial channels and development of dunes. All these studies revealed influence of temporally dynamic parameter contributing to bedform development. A study on instability of sand bed was conducted based on a concept of granular material dynamics 6) , in which formation of small ridges from a random field of perturbation was simulated using, so called, 'Movable Bed Simulator'. Despite significant amount of past investigations, almost all of them are unable to tackle the complexity of temporal bed evolution and associated flow-field modification. Recently, we proposed a vertical two-dimensional flow model with a sediment pick up deposition function 7), 8) . It was shown that model possesses capability to simulate flow and turbulence field over fixed dunes.
Model was able to replicate bedform evolution from an initial perturbation in physically based manner. Most field and laboratory observations on bedform development have revealed the dynamic pattern of bedform evolution with superimposition or amalgamation. We confirmed in our study 8) that the simulation of bedform evolution mechanism and their geometric characteristics can significantly be improved by using non-uniform pattern of vertical grid distribution. In present study, effect of turbulence closures and sediment transport models on simulation results has been evaluated. Three different turbulence closures and two different sediment transport models (equilibrium and non-equilibrium) have been used in order to assess their applicability for the simulation of bedform evolution process. Additionally, we demonstrate herein the model capability to replicate evolution of flow-depth and boundary shear stress induced by bedforms based on experimental measurements.
BRIEF DESCRIPTION OF MORPHO-DYNAMIC MODEL
A three-dimensional model with direct numerical simulation as proposed by Shimizu et al. 9) seems to be more complete approach for the computation of flow and turbulence over bedforms. However, implication of this flow solver with a sediment transport model for morphodynamic simulation may inhibit it from being applied efficiently because of extremely high computational effort.
Consequently, aforementioned three-dimensional hydrodynamic model has been simplified to a vertical two-dimensional and enhanced by imposing non-hydrostatic, free surface flow condition and, subsequently, coupled with a couple of sediment transport modules.
Computation of time-dependent water surface change is of importance for realistic reproduction of free surface flow over migrating bedforms. Basically, majority of morphologic numerical models developed earlier assume rigid lid water surface condition to achieve numerically stable solution. Such model cannot reproduce properly flow characteristics and water depth variation induced by bedforms. In our study, we succeeded to achieve stable and reasonable solution under free surface flow condition over migrating bedforms. The kinematic condition, which constraints fluid particles to remain on the water surface at any time following the local flow velocity, is imposed along the water surface in order to compute water surface variation 8) . A no-slip boundary condition at the bed was employed; particularly a logarithmic expression for near-bed region was adopted. The periodic boundary condition was employed in this computation, that is, out put at the downstream end is set to be input at the upstream. The computation was performed for different length of calculation domain in order to assess the sensitivity of periodic boundary condition.
The equations were transformed into a boundary fitted coordinate system. Transformed equations were numerically solved by splitting them into non-advection and pure advection phase. Non-advection phase was computed using central difference method. The pressure term was resolved using SOR method. Advection phase was calculated using a high-order Godunov scheme known as CIP method 10) . In our previous study 8) , a nonlinear k-ε turbulence closure was employed that enables the anisotropy of Reynolds stresses to be considered to some extent. In a conventional k-ε model turbulence stress tensors are evaluated using linear relationship. In order to reproduce turbulence characteristics more precisely in shear flows with separation zone, a nonlinear term is added to the standard k-ε model. Kimura & Hosoda 11) made detailed analysis and comparison of a nonlinear k-ε model with other turbulence closures and found it more efficient than RSM or LES model in terms of CPU time. In present study, we have tested the performance of a standard k-ε model and also a zero-equation model so as to assess the significance of turbulence closure in the context of morphodynamic simulation.
With regard to sediment transport model, two different approaches have been employed in this model. In our previous studies, we used a pick up deposition model for non-equlibrium sediment transport proposed by Nakagawa & Tsujimoto 12) . In present model, a module for equilibrium sediment transport proposed by Ahisda & Michiue 13) has also been incorporated in order to assess its applicability.
EXPERIMENT
Venditti et al. 14) performed series of experiment to reproduce two-dimensional dunes. Along with the bedform evolution process, they measured variation of flow-depth and water surface slope at different time interval of bedform evolution. The rise in the water surface was measured using two water level sensors. They reported that initially water surface dropped several millimetres when flow was initiated. However, within a few minutes bedforms developed that increased resistance to flow, causing a rise in the water surface that varied amongst runs, but generally decreased with flow strength. An example of measurement record of water surface Fig.1 (top) . With growing bedform size, water surface continued to increase. It is expected that water surface would increase asymptotically and reach an equilibrium value after some time.
In addition, they recorded temporal change of water surface slope. A typical example of water surface slope variation (S) can be seen in Fig.1 (bottom).Using these data, one can easily determine the change of boundary shear stress as a function of time using depth-slope product.
All five cases and condition of their experiments can be found elsewhere 8) .
MODEL VALIDATION AND SENSITIVITY
(1) Dune-induced flow-depth and boundary shear stress Flow resistance is associated with skin friction of sediment particles and form drag exerted by bed forms. In case of flat-bed, effective shear stress is equivalent to the grain shear stress. Contribution of form drag becomes significant in the presence of bedforms due to the flow separation and pressure variation.
An adequate determination of bedform-induced resistance to flow that accompanies flow-depth variation is essential from practical engineering point of view. Proposed model is able to replicate bed shear stress variation associated with form drag exerted by temporal growth of bedforms. A quantitative comparison has been made to evaluate the model simulation on bed form-induced flow-depth variation (Fig.2) . From the result, it can be seen that model underpredicted the flow-depth in the initial stage (particularly for the run with high flow intensity). It was found that the dune starts to form slowly in the beginning in numerical computation that may cause the underprediction of flow-depth in this stage. Also, the temporal variation of flow-depth in experiment appears to be rather low. In fact, it is rather difficult to measure precisely the change in flow-depth in laboratory experiments, particularly in the starting stage as it usually grows rapidly. However, in latter stage, the flow-depth was found to be predicted with good accuracy (error is 5-10%). A comparison with equilibrium flow-depth for all five experimental cases has been shown in Fig.3 . Since, the shear stress is calculated from depth-slope product, it also shows the same tendency as depth variation. A typical comparison has been shown in Fig.4 . It should be noted that a constant slope was used in numerical computation, whereas for the experimental case, the slope was measured as a function of time. Consequently, the boundary shear stress appears to be fluctuating in experiment.
A typical example of evolution of physical characteristics associated with bedform evolution can be seen in an instantaneous plotting depicted in Fig.6 (sub-section 3) .
(2) Evaluation of bedform simulation result using different turbulence models An attempt was made to assess the effect of turbulence models on bedform morphodynamic simulation. We used three types of turbulence closures in this computation, namely nonlinear k-ε, standard k-ε and zero-equation models. It was found that there is no noticeable distinction between simulation results with standard and nonlinear k-ε closures, in particular for morphodynamic simulation. From Fig.5 , it can be seen that feature of bedforms differs very slightly and cannot be made any quantitative distinction. For the sake of comparison, some simulations were conducted with zero-equation turbulence closure under similar condition. From the simulation result (bottom plot of Fig.5) , it can be inferred that model could not reproduce bedform evolution process adequately. Since a zero-equation model assumes local equilibrium of the turbulent and mean flow, it is usually inaccurate in separation region or in boundary layers subjected to extremely strong accelerations. Whereas, two-equation models take explicit account of the history of the turbulence through two transport equations and, thus offer good prediction of the characteristics of separated flows 8) .
(3) Influence of sediment transport model on simulation of bedform characteristics
We attempted to evaluate the performance of our morphodynamic model using different sediment transport modules. Apart from a stochastic formulation of sediment pick up deposition model proposed by Nakagawa & Tsujimoto, a bedload transport formula proposed by Ashida & Michiue was also incorporated in the present model.
From an instantaneous feature of simulation result (Fig.6) , it can be observed that model poorly predicts all characteristics associated with bedform evolution process when used Ashida-Michiue's sediment transport formula. The simulated bedform characteristics appear to be incompatible with physical observation. The flow-depth was also overestimated. This evinces inappropriateness of such approach that is based on equilibrium sediment transport. Whereas, simulation result with Nakagawa & Tsujimoto's model showed realistic prediction of all physical characteristic 8) . This leads to the conclusion that a non-equilibrium model, which can replicate phase lag between bed shear stress and particle transport due to imposition of step length, is an appropriate approach for simulating bedform morphodynamics. 
(4) Model sensitivity to domain length
Since a periodic boundary condition has been employed in present computation, it is necessary to assess the effect of length of calculation domain in order to confirm the periodic nature of the phenomenon. We used two different domain length for one of the experimental cases (case A), namely 5m and full length of flume (15.2m ).The quantitative comparison of an instantaneous feature of bedforms has been illustrated in Fig.7 . From this comparison, it can be inferred that model is almost insensitive to the size of calculation domain.
(5) Model sensitivity to initial perturbation
Initially, the computation of bedform evolution was performed by adding a very small random field of perturbation onto the sand bed. Venditti et al. 15) ascribed the initiation process to a Kelvin-Helmholtz instability and reintroduced a simple quantitative model for hydrodynamic instability to explain bedform initiation and validated with the results of their experiments. They proposed a relationship for interfacial instability to determine the initial wavelength at which the interface becomes unstable. We used the K-H model proposed by them to set the initial wavelength as an initial sinusoidal perturbation and then allowed it to grow using our simulation technique. We tested this idea for one of the experimental cases (run A). The result is depicted in Fig.8 . Some small alteration can be noticed in size of bedforms; however no any significant quantitative distinction can be made between these two cases at this stage.
(6) Model sensitivity to mean step-length
In Nakagawa & Tsujimoto's sediment transport model, the deposition rate is calculated based on the exponential distribution function of mean step-length. They proposed the value of mean steplength within the range of (50-250)d (where, d=sediment diameter). However, we found that for higher value of mean step-length, the perturbation disappears and no bedform appears with the increment of time (particularly for the value more than 100d). It is well-known that Einstein proposed this value to be 100d. So, we used this value for all simulation. It should be noted that once sand waves start to form, this value has no effect on evolution of bedform characteristics (shape and size) and their equilibrium feature for this particular case. However, the influence of this sediment parameter on bedform initiation and evolution process as well as its physical description should be explored more thoroughly for the range of hydraulic conditions.
CONCLUSIONS
The performance of a vertical two-dimensional morphodynamic computational model was evaluated. Sensitivity of model performance to different factors and parameters was also assessed. From this study, the following conclusions can be drawn: 1) Model possesses ability to replicate temporal variation of physical characteristics associated with bedform evolution, such as temporal variation of boundary shear stress and flow-depth. Model underpredicts the depth variation in initial stage, particularly for the runs with higher flow intensity. However, model appears to be accurate enough to replicate equilibrium depth. 2) There is almost no difference between simulation results on bedform features using standard and non-linear k-ε turbulence models. However, a conventional zero-equation model, that simply assumes local equilibrium of the turbulent and mean flow, does not seem to be appropriate for such a case with abrupt change of mean property in separated flows as in case of simulating bedform dynamics. Moreover, this model severely underpredicts the turbulence characteristics (not shown in this study). The relevance of the turbulence models in the context of morphodynamic simulation should be explored more comprehensively in future studies. 3) Model performance significantly differs based on which sediment transport formulation is used. A stochastic pick up deposition model that accounts for non-equilibrium sediment transport seems to be more appropriate than conventional approach based on equilibrium sediment transport. However, influence of a sediment parameter (mean step-length) on bedform evolution process should be explored more thoroughly. 4) Model appears to be insensitive to the factors like domain length and initial perturbation.
Model results can be regarded as acceptable considering the complicated nature of the problem.
